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Abstract—A detailed analysis of spatio-spectral photon scan-
ning tunneling microscope scans of the light intensity inside a cylin-
drical microresonator has been carried out. By comparing the ex-
perimental results with theory, it is shown that the inclusion of
spectral mode-beat phenomena is crucial for an accurate analysis
of the modes present in the microresonator.
Index Terms—Cylindrical microresonators, optical waveguides,
photon scanning tunneling microscopy, spectral mode-beat phe-
nomena, whispering gallery modes.
I. INTRODUCTION
RECENTLY, the intensity distribution in a cylindricalmicro-resonator (MR) was mapped with a photon-scan-
ning tunneling microscope (PSTM) with an unprecedented
high spatial and spectral resolution [1], [2] (see also [3]). Not
only were the free spectral ranges (FSRs) of the whispering
gallery modes (WGMs) found from these measurements, but
also spatial and spectral mode-beats were observed [1]. The
effects of both polarization conversion and the excitation of
counter-propagating modes could be deduced from analyzing
the spatial and spectral scans of the intensity inside the MR [1].
Great effort was taken to prove experimentally the consistency
of the interpretation of the huge amount of data obtained in
the microcavity itself and the input and output ports (e.g.,
polarization-dependent measurements [4], measuring the
power scattered by the microresonator [5], [6]). In this letter, a
method will be shown whereby the mode profiles of the WGMs
can be analyzed by wavelength-averaging the spatio-spectral
scan [1] of the intensity distribution. A comparison between
the resulting wavelength-averaged intensity and simulations is
made and the effect of spectral mode-beat phenomena in the
analysis is illustrated.
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Fig. 1. Top view and cross-section (A-A) of the cylindrical MR under study.
II. CYLINDRICAL MR
Our MR (see Fig. 1) is positioned next to a monomodal
straight waveguide, has a radius of m, and is realized
in a Si N –SiO layer-stack with an air cladding on a Silicon
substrate [5]–[7].
The field inside an MR can be described as a linear com-
bination of the WGMs. These WGMs with parameter Pkl are
described by their polarization state P (TE/TM), slab order ,
radial order , and angular propagation constant . The ex-
citation of the WGMs occurs by evanescent coupling with the
straight waveguide (TE00) mode.
III. SPECTRAL MODE-BEAT PHENOMENA
We consider the case of only two co-propagating WGMs with
a common origin (e.g., at the coupling between the MR and the
straight waveguide). It can be shown that the intensity distribu-
tion as a function of the wavelength, for a fixed angle of ob-
servation , is a superposition of the radial intensity profiles
of the WGMs and an intensity modulation due to the spectral
mode-beat between them. The radial distribution of this modula-
tion is proportional with the product of the fields of the WGMs.
As the accumulated phaseshifts will vary more rapidly as a func-
tion of wavelength further away from the common origin, it
follows that the spectral mode-beat periods vary inversely pro-
portionally with the angle of observation. The description of
other spectral mode-beat phenomena (e.g., spectral mode-beat
between counter-propagating modes) is completely analogous.
IV. WAVELENGTH-AVERAGED INTENSITY
By repeatedly scanning in the radial direction with the fiber
tip of a PSTM, while varying the wavelength, a spatio-spectral
map (see also [8]) of the intensity distribution in the MR is ob-
tained (see Fig. 2). In Fig. 2, a number of horizontal bands cor-
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Fig. 2. Contour plot of the spatio-spectral PSTM scan of the intensity
distribution in a microresonator. Wavlength range: 666.0–677.5 nm.
Wavelength step: 0.03 nm. Angle of observation:  = 90 .
TABLE I
CALCULATES FREE SPECTRAL RANGES (IN pm) OF THE
LOWEST RADIAL ORDER WGMs TE0l AND TM0l
responding to the peaks of the WGMs, and an intensity modu-
lation along the wavelength-axis corresponding with the FSR of
the WGMs (see Table I) can both be observed.
Applying a Fourier transform to the spatio-spectral scan,
we obtained radial intensity profiles as a function of the
wavenumber. Selecting a wavenumber corresponding to the
FSR of a WGM or the spectral mode-beat period of an intensity
modulation it is possible to extract their radial distributions. In
our experimental set-up, however, we could not directly resolve
the closely spaced FSRs (the WGMs of subsequent radial order
differ only 2 pm in their FSR) of the different modes.
As an alternative, we analyzed the wavelength-averaged
intensity profile given in Fig. 3(a). This intensity profile
is obtained by averaging the spatio-spectral scan over the
wavelength scan range. Both the intensity profiles of the
WGMs themselves and the modulations caused by the spectral
mode-beat contribute to the wavelength-averaged intensity
profile. As a consequence of the wavelength averaging, mod-
ulations with spectral mode-beat periods significantly smaller
than the scan-range will be averaged out.
Fig. 3. Comparison between: (a) the wavelength-averaged intensity and
(b)–(e) the calculated intensity profiles of the WGMs. The dashed vertical line
indicates the rim of the MR.
V. THEORY VERSUS MEASUREMENT
In order to compare the wavelength-averaged intensity pro-
file with theory, we have calculated the intensity profiles of the
WGMs by applying the effective index method and a finite-dif-
ference method for bends [9] [see Fig. 3(b)–(e)]. Both the TE-
and TM-polarized WGMs (the TE00 mode of the straight wave-
guide also excites TM polarized WGMs [1]) contribute to wave-
length-averaged intensity. The response of the PSTM probe to
TE- and TM-polarized light is of the same order of magnitude
[4]. In addition, the calculated intensity profiles of the TE and
TM polarized WGMs are almost identical. Consequently, it is
possible to give an adequate description of the radial intensity
distribution using the calculated TE-polarized intensity profiles
only.
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Fig. 4. Comparison between: (a) the wavelength-averaged intensity and
(b)–(e) the calculated modulations (TEkl TEk l ) caused by the spectral
mode-beat between the WGMs.
Upon comparison of the calculated intensity profiles with the
wavelength-averaged intensity profile [Fig. 3(a)], it can be con-
cluded that both the width and the position of the main peaks of
the TE01 and TE03 WGMs are in agreement with the measure-
ments. The TE00 peak has the highest intensity, but is slightly
shifted toward the rim at 64 m. The peak corresponding with
the TE02 WGM is however missing, which indicates that the
TE02 WGM has not been excited or has been cancelled by an
intensity modulation due to the spectral mode-beat. The inten-
sity modulation caused by the mode-beat between the TE02
and TE03 WGMs [Fig. 4(b)] can be ruled out as a cause, be-
cause it has a zero crossing at the maximum of the calculated
main peak of the TE02 WGM. The intensity modulation due to
the mode-beat between the TE01 and TE02 WGMs [Fig. 4(c)],
however, is a good candidate for obscuring the main peak of the
TE02 WGM.
The shift and reduced width of the experimental TE00 peak
[Fig. 3(a)] can be explained by combination of the TE00 and
TE01 WGMs. If one combines the intensity profile of the TE00
WGM with the modulation due to the mode-beat between the
TE00 and TE01 WGMs, one obtaines a peak shifted toward the
rim and with a smaller width; which is in much better agreement
with the experiments. The relatively high intensity just to the
right of the rim of the MR [see Fig. 4(a)] is attributed to an abrupt
change in the height of the Si N layer on moving from the left
to the right of the rim of the MR. Due to this abrupt change, the
fiber tip moves deeper into the evanescent field, resulting in an
increase of the measured intensity.
VI. CONCLUSION
Wavelength averaging of the spatio-spectral PSTM scan of a
cylindrical MR allows for a detailed analysis of the radial in-
tensity distribution (i.e., radial intensity profiles of the WGMs
and the modulations due to the spectral mode-beat). It has been
shown that the inclusion of the intensity modulations due to the
spectral mode-beat is essential for an accurate description of the
modes present in the MR.
REFERENCES
[1] M. L. M. Balistreri, D. J. W. Klunder, F. C. Blom, A. Driessen, H. W. J.
M. Hoekstra, J. P. Korterik, L. Kuipers, and N. F. van Hulst, “Visualizing
the whispering gallery modes in a cylindrical optic microcavity,” Opt.
Lett., vol. 24, pp. 1829–1831, 1999.
[2] G. H. Vander Rhodes, B. B. Goldberg, M. S. Selim Ünlü, S. T. Chu, and
B. E. Little, “Internal spatial modes in glass microring resonators,” IEEE
J. Select. Topics Quantum Electron., vol. 6, pp. 46–53, 2000.
[3] J. C. Knight, N. Dubreuil, V. Sandoghdar, J. Hare, V. Lefèvre-Seguin,
J. M. Raimond, and S. Haroche, “Characterizing the whisper-gallery
modes in microspheres by direct observation of the optical
standing-wave pattern in the near field,” Opt. Lett., vol. 21, pp.
698–700, 1996.
[4] M. L. M. Balistreri, A. Driessen, J. P. Korterik, L. Kuipers, and N. F. van
Hulst, “Quasi interference of perpendicularly polarized guided modes
observed with a photon scanning tunneling microscope,” Opt. Lett., vol.
25, pp. 637–639, 2000.
[5] F. C. Blom, D. R. van Dijk, H. J. W. M. Hoekstra, A. Driessen, and
T. J. A. Popma, “Experimental study of integrated optics microcavity
resonators: Toward and all-optical switching device,” Appl. Phys. Lett.,
vol. 71, pp. 747–749, 1997.
[6] F. C. Blom, H. Kelderman, H. J. W. M. Hoekstra, A. Driessen, T. J. A.
Popma, S. T. Chu, and B. E. Little, “A single channel dropping filter
based on a cylindrical micro-resonator,” Opt. Commun., vol. 167, pp.
77–82, 1999.
[7] K. Wörhoff, P. V. Lambeck, and A. Driessen, “Design, tolerance anal-
ysis, and fabrication of silicon oxynitride based planar optical waveg-
uides for communication devices,” J. Lightwave Technol., vol. 17, pp.
1401–1407, 1999.
[8] K. J. Knopp, D. H. Christensen, G. Vander Rhodes, J. M. Pomeroy, B.
B. Goldberg, and M. S. Ünlü, “Spatio-spectral mapping of multimode
vertical cavity surface emitting lasers,” J. Lightwave Technol., vol. 17,
pp. 1429–1435, 1999.
[9] W. W. Lui, C.-L. Xu, T. Hirono, K. Tokoyama, and W.-P. Huang, “Full-
vectorial wave propagation in semiconductor optical bending waveg-
uides and equivalent straight waveguide approximations,” J. Lightwave
Technol., vol. 16, pp. 910–914, 1998.
